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A B S T R A C T   
All of the environmental conditions in nature act on an organism simultaneously. However, in experimental 
studies of the factors influencing metamorphosis, each factor needs to be examined individually in order to 
disentangle its specific effects. However, it is challenging to then build properly integrated models which include 
data on all of the different factors evaluated in different experiments. This study set out to develop a predictive 
model which could synthesize the results of several experiments on survival, development and growth of Nat-
terjack toad (Epidalea calamita) tadpole guilds. The proposed Population Dynamic P System (PDP) model enables 
estimates of growth and development during the larval phase, under different environmental conditions, weather 
conditions, predator density, and pond characteristics and management. The architecture of the model allows the 
inclusion of an indefinite number of parameters and interactions, with all inputs interacting in parallel, and 
enables solutions to complex modeling approaches. Using the model with a range of field data, we found that the 
importance of predation pressure on Natterjack toad tadpole guilds exceeds the potential effects of variations in 
temperature and precipitation. The impact of introduced invasive predators therefore arguably poses the greatest 
threat to this species. This type of model holds promise as a reliable management and conservation tool for this 
and other species, especially where interactions between environmental factors make the impacts of individual 
factors difficult to predict.   
1. Introduction 
Modeling population dynamics is complex since many processes 
operate in parallel and interact simultaneously. Every species has its 
own ecological peculiarities that usually vary as environmental condi-
tions change, and which are often altered by human interventions, 
making it difficult to use the same model for different species. 
Natural processes are usually complex and non-linear (Davison et al., 
2012; Wu and David 2002; Costanza et al., 1993). Therefore, simple and 
intuitive analytical predictors of their outcomes are commonly inade-
quate (Holmes et al., 1994). Advances in computer science, both in 
software and hardware, have allowed the development of computational 
models that can integrate studies into complex problems (Balcan et al., 
2010; Colomer et al., 2014; Brodland 2015; Eckoff et al., 2017). Com-
puter modeling methods that can simulate complex systems using 
mathematics and physics can incorporate a large number of variables to 
characterize the problem being studied (Bandini et al., 2001; Eckoff 
et al., 2017). In the case of computational models, a simulation must be 
run to validate and analyze the model. The results of simulations provide 
predictions of the outcomes under certain given circumstances, whether 
real or imaginary. Virtual experiments allow the identification of the 
most influential factors governing the results. These approaches facili-
tate the prediction of future scenarios and can guide decision making by 
wildlife and conservation managers. 
Ordinary differential equations (ODE) have probably been the most 
used models for the study of population dynamics, despite their 
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important limitations. For example, ODEs are deterministic models that 
use mean values without taking variability into account. In population 
dynamics modeling there is a significant element of randomness, mainly 
due to the spatial distribution and movement of individuals (Yuan and 
Jing 2019). When stochasticity is introduced into models based on dif-
ferential equations, the complexity and variability of the results in-
creases. Modeling using ODE does not capture interactions at the micro 
level, or allow the integration of qualitative aspects or individual actions 
into the model. The Population Dynamic P System (PDP) model offers a 
global perspective, and is also sensitive to the values of the initial 
parameters. 
When the number and complexity of the processes to be studied in-
creases, differential equation systems become complex, and take too 
much computing time to arrive at an analytical solution. Technological 
advances in the field of computing, both at the software and hardware 
levels, allow us to apply other alternatives, such as agent or multi-agent 
based (ABM) models (Bonabeau 2002; Marçal and North 2005, 2009; 
Gilbert and Bankes 2009). ABM allows an agent to be identified; a 
discrete individual with a set of characteristics and rules governing its 
behaviors and decision-making capability. An agent is self-contained 
and situated, living in an environment with which it interacts with 
other agents. An agent is goal-directed, having goals to achieve. 
A P system is a computational model in the field of computer science 
that performs calculations using a biologically-inspired process (Păun 
1998; Păun et al., 2010). P system models are based upon the structure 
of biological cells and present in different variants (Ferretti et al. 2003) 
such as PDP models. PDP models have features in common with ABM. 
For example, in PDP models an object (agent) is associated with each 
discrete individual and evolves depending on the properties of the 
environment it is in. The same system can include different environ-
ments through which the agent can move and evolve. During the pro-
cess, the properties of both the agents and the environment can change. 
Unlike classical ABMs, agents in PDP models can evolve in an instant 
by executing more than one evolutionary process at a time. Different 
types of process can be carried out simultaneously with identical types of 
agents. In PDP models, many processes are executed in parallel, 
sequencing the processes where necessary to facilitate the execution of 
the model. However, while PDPs are not structured models, they have 
some aspects in common with structured models (Geoffrion 2013). The 
great flexibility and potential of PDPs, makes their description difficult 
and they cannot be formulated mathematically (Colomer et al., 2014). 
PDP models are powerful computational models and allow the study 
of complex phenomena affected by several processes which operate in 
parallel, and which interact asynchronously with each other (Colomer 
et al., 2013). PDPs, like all models that allow the study of complex 
problems, require a large number of input parameters (Colomer et al., 
2011, 2014; Cortés-Avizanda et al., 2015; Margalida et al., 2018) and 
can be considered to contain many simpler models inside them, each of 
which requires its own input information. 
Metamorphosis is a complex process that determines the life cycle of 
certain animals (Laudet 2011). PDP models are able to capture the 
essence of this complex process and therefore allow the prediction of 
final outcomes under different scenarios. The abrupt morphological and 
physiological transformations typical of metamorphosis are usually 
linked to changes in a species’ niche and represent critical transitions in 
an animal’s life cycle (Wilbur 1977; Werner 1986). Choosing the right 
body size and timing for any stage of metamorphosis is crucial for an 
animal’s success, since these variables are key fitness components 
(Rowe and Ludwig 1991; Lind et al., 2008). Sufficient phenotypic 
plasticity to match the timing of metamorphosis with the demands of 
unpredictable or heterogeneous environments has been reported in 
numerous taxa (Laurila et al., 2002; Charmantier et al., 2008; Moczek 
2010; Sommer and Ogawa 2011). 
Amphibian tadpoles provide a textbook example of how the stages of 
Fig. 1. Hierarchical representation of the PDP cell. Mathematical notation for the cell structure of the figure .
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metamorphosis respond to a variety of environmental factors (Wilbur 
and Collins 1973; Werner 1986). In the special case of pond-breeding 
species, temperature, hydroperiod, density of predators and competi-
tors, and food availability are important environmental triggers, and 
some have been extensively studied (Denver et al., 1998; Morey and 
Reznick 2000; Van Buskirk and Saxer 2001; Merilä et al., 2004; Oromí 
et al. 2015). For example, when ponds start to dry out, some tadpole 
species invest more energy in development than in growth, reducing 
their larval period at the cost of smaller size at metamorphosis (Rich-
ter-Boix et al., 2006; Márquez-García et al., 2009). When more energy is 
available because food is more abundant, tadpoles can metamorphose 
earlier, and at a larger size (Day and Rowe 2002; Lind et al., 2008; 
Enriquez-Urzelai et al., 2013). Well-fed tadpoles can deplete food re-
sources, resulting in later metamorphosis of smaller tadpoles (Wilbur 
1977; Morey and Reznick, 2000). While high predation levels might 
reduce tadpole numbers, and hence competition for food, predation risk 
forces tadpoles to reduce activities such as browsing which usually re-
sults in a delayed metamorphosis (Pujol-Buxó et al., 2017). Although in 
nature organisms experience every environmental condition simulta-
neously, in experimental studies the individual factors influencing 
metamorphosis need to be isolated experimentally. This creates the 
challenge of predicting the outcomes of interacting factors when using 
data from studies which generally include two factors at most (e.g., 
Relyea 2004). 
The aim of this study was to design a model to predict the number of 
surviving tadpoles each day and the physical condition of each indi-
vidual in the population. We used the Natterjack toad (Epidalea calamita) 
as a study species to build and validate our model. This species usually 
breeds in temporary ponds, where tadpoles have to modulate their 
growth and development to adapt to a wide range of environmental 
conditions (García-París et al., 2004; Pujol-Buxó et al., 2016, 2019a). 
and provides a good model species to study the combined pressures of 
competition, predation and desiccation risk in a tadpole guild. We ob-
tained the necessary data to validate the model from previous studies on 
the natural history of this species in the Mas de Melons protected area 
(Catalonia, NE Spain) and from several laboratory studies on their larval 
development (see Materials and Methods). In this way, we could show 
how empirical data on the same species, taken from different studies and 
contexts, can be successfully incorporated into a model to predict a 
species’ ontogeny. We took tadpole growth and the stage of develop-
ment as proxies and predicted the outcomes under a variety of biotic and 
abiotic variables. Since all the variables involved are random, a proba-
bilistic computational model emerged. 
The components of the PDP model and the software created to run 
the model simulations are described in the Materials and Methods sec-
tion. This section also describes the processes and factors affecting the 
growth and development of the tadpoles being modeled. 
The model obtained is general and applicable to a wide range of 
amphibian species, and was validated using data from (Sanuy et al., 
2008). Once validated, the model was applied to data from the protected 
area of Mas de Melons (Spain) under current conditions, and then 
compared with different climate change scenarios. 
2. Materials and methods 
2.1. Population dynamic P system (PDP) models 
PDPs are probabilistic computational models inspired by the func-
tioning of cells existing within an environment. A tissue can be made up 
of several environments, each one of them with a cell inside, all the cells 
of a tissue having the same structure. The agents move within the cells 
and in the environment. When an agent is in the environment, it can 
travel to cells in other environments. All the cells of a PDP model have 
the same hierarchical organization, which allows the generation of 
spaces with different properties that can vary over time. 
The cell of a PDP model is represented by a rectangle (Fig. 1) 
separated from the outside (environment) by the skin membrane. Inside 
the cell are different rectangles that delimit the interior spaces of the cell 
inside which different processes can be carried out. Inner membranes 
are identified by labels that can have either numeric or alphanumeric 
values (as subscripts of the rectangles). All the inner membranes have an 
electrical charge that can be positive, negative or neutral (+, -, 0) (as a 
superscript) that temporarily characterize the cellular subspace. 
In PDP models, the agents are denoted by a variable that can have 
four subscripts that store information about that individual. An object 
type (agent) is associated with each different input to the model and to 
each individual. For example, in the case of the tadpole PDP model, an 
object Xi, Wi,s y Gi,g is associated (Fig. 1) to each individual in the 
population: the subscript i indicates the age, s indicates the size, and g 
indicates the Gosner status of that individual. Not all the objects that act 
in the model are associated with individuals; there are objects associated 
with food, Fr, and volume of the pond, V. Not all types of active objects 
will intervene in the model at the initial instant, and some can be 
generated during the model execution. 
The objects evolve by means of evolutionary rules that describe the 









Where fr is a probabilistic function associated with the rule. If fr is equal 
to one, then we omit it. If, in an area delimited by membrane i which 
possesses electrical charge α, we find an object multiset v and in its fa-
ther membrane we find an object multiset u, the rule can be applied with 
a probability fr. The application of this rule changes the polarization of 
the membrane from α to α′ and the multiset of objects u and v evolve to 
u’ and v’, respectively. 
In PDP models, the rules that can be executed at any moment are 
applied in a maximal and parallel way according to the existing 
resources. 
The rules of evolution of PDP models describe the knowledge and 
information regarding the problem directly, according to field or 
experimental observations. PDP models take into account the average 
behavior and dispersion of the population through the probabilities 
associated with the rules and spatial distribution of the objects or agents. 
There is a direct correspondence between the elements and their re-
lationships in the real ecosystem and in the model. 
A PDP model is complete when all aspects are defined: environments, 
cell membrane structure, initial objects, and evolutionary rules. 
Colomer et al. (2013) provided some guidelines to define the compo-
nents of a PDP model. The modeler defines the components according to 
personal work preferences, always trying to minimize the computational 
cost. Regardless of the path followed to define the model, the results 
obtained will be the same. 
A PDP model is a bottom-up modeling process, in which the 
macroscopic properties of the systems emerge from the relationships 
between the objects that make up the system, making it possible to study 
a system from the point of view of the elements that make it up. 
PDPs are computational models whose analysis must be performed 
through simulations. P-Lingua (Pérez-Hurtado et al., 2019) is a pro-
gramming language for Membrane Computing which aims to be a 
standard for defining P systems (PDPs are a particular case of P systems). 
In order to implement this idea, a Java library called pLinguaCore 
(http://www.p-lingua.org/wiki/index.php/PLinguaCore) has been 
developed as a software framework to simulate cell-like, tissue-like, 
spiking neuron-like P systems, and PDP systems. 
MeCoSim (Membrane Computing Simulator, http://www.p-lingua. 
org/mecosim/) is a software based in pLinguaCore that provides a 
general purpose application to model, design, simulate, analyze and 
verify different types of models based on P systems.The software 
MeCoSim was used to execute the PDP models (see Supplementary 
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Material Files 1–3). To run the model, three files are necessary: (1) an 
excel file that generates the simulator screens, reads the parameter 
values and generates the outputs.  (2) a file with a pli extension that 
contains the model (evolution rules) and  (3) a file with an ec2 extension 
that can be generated by the user with the values of the parameters 
entered. Step 1. Install MeCoSim (free software) http://www.p-lingua. 
org/mecosim/ Step 2. New application (excel file).  Step 3. Set model 
(* .pli).  Step 4. Fill table or Scenary open file (* .ec2.  Step 5. Run model 
and in the output there are the results. When a model is executed, the 
information about every object is saved individually and can be recov-
ered to obtain an ecosystem photogram of the instant or instants chosen 
by the modeler. 
2.2. Study species 
The Natterjack toad is native to Western Europe and is considered 
well-adapted for breeding in sunlit ponds with sparse surrounding 
vegetation and short expected hydroperiods (Pujol-Buxó et al., 2016, 
2019a). Newly hatched tadpoles (before they are able to feed them-
selves), vary in size from 3.5 to 8 mm, depending on egg size and em-
bryonic period (García-París et al., 2004). Temperatures must exceed 
10 ◦C if the tadpoles are to survive, although they normally develop at 
temperatures over 20 ◦C (Beebee 1983; Sanuy et al., 2008). Due to the 
species sensitivity to environmental conditions, the larval period and 
final size of tadpoles at metamorphosis can vary widely, the relationship 
Fig. 2. Example of an evolution rule.  
Fig. 3. Tadpole PDP model algorithm. Sequencing of the processes that are carried out in the model. The processes that are framed run in parallel.  
M.À. Colomer et al.                                                                                                                                                                                                                            
Ecological Modelling 461 (2021) 109763
5
between growth and development being flexible. We used Gosner stages 
to quantify tadpole development (Gosner 1960). Numbers are used to 
denote the various morphological stages of the egg (Gosner stages 0–19) 
and tadpole (Gosner stages 20–45) to the final metamorphosis into the 
adult (Gosner stage 46). Since empirical data on growth, predation, 
competition and development are scarce before the tadpole morphology 
is reached (Gosner stage 20), our modeling starts from stage 20. 
The Natterjack toad larval period is short and variable, generally 
taking 24–54 days, which is considered an adaptation to the unpre-
dictable environments in which they breed (Banks and Beebee 1987; 
Gomez-Mestre and Tejedo, 2002; García-París et al., 2004; Pujol-Buxó 
et al., 2019a). The most important environmental variables affecting 
tadpole development are temperature (Sanuy et al., 2008; Álvarez and 
Nicieza 2002; Brattstrom 1963), precipitation (Richter-Boix et al. 2006; 
García-París et al., 2004; Brady and Griffiths 2000), competitor density 
(Tejedo and Reques 1992; Golay and Durrer, 1994; Gómez-Mestre and 
Tejedo 2002; Brockelman 1969; Rowe and Beebee 2004; Pujol-Buxó 
et al., 2020), predator density (Bardsley and Beebee 2001b; 
Gómez-Mestre and Tejedo 2002; Pujol-Buxó et al., 2017), and food 
availability (Bardsley and Beebee 1998; Gomez-Mestre and Tejedo, 
2002). After metamorphosis into adult form their size varies from 6.7 to 
13 mm (Beebee 1983; García-París et al., 2004; Sanuy et al., 2008) and 
they weigh from 40 to 100 mg (Tejedo and Reques 1992; Gomez-Mestre 
and Tejedo, 2002). 
2.3. Tadpole PDP model 
The aim of this study was to design a model which predicts the 
number of surviving tadpoles each day and their physical condition 
(described by weight, or length and Gosner stage) of each individual. 
Fig. 2 
An algorithm was defined taking into consideration the processes to 
be modelled (Fig. 3) and the relationships between them. Although PDP 
models can compute the processes in parallel, it is advisable to sequence 
them, as long as it does not affect the final result. Partial sequencing 
makes it easier for the modeler to develop and control the model. 
The temperature and amount of precipitation for each day were 
generated randomly, using a normal distribution for temperature and a 
gamma distribution for precipitation, the occurrence of precipitation 
being simulated using a 2-state Markov chain (precipitation or no pre-
cipitation). The parameters of the distributions were estimated using 
historical records from the nearest meteorological station. For both 
temperature and precipitation, the distribution parameters varied each 
month. Regarding precipitation, as well as simulating the probability 
and quantity of rain each day, we also simulated the occurrence of bursts 
of consecutive rainy days. The correlation between precipitation and 
temperature was not taken into account. 
The model allowed the possibility of either keeping the pond water 
depth steady or changing it depending on temperature and precipitation 
conditions. In the latter case, the difference between the amount of 
precipitation and the evapotranspiration rate (depending on tempera-
ture and the surface area of the pond) was used to obtain daily water 
depth variations. Changes in pond water depth due to evapotranspira-








⋅start depth (1)  
D is the depth of water (mm) 
day is the number of days. 
temp is the average temperature in degrees centigrade. 
phreatic is the soil moisture status, 3 by default. 
Start depth is the initial depth of water (mm). 
shape is the shape of the pond curve, 2 by default. 
If in Eq (1), the day is taken as the unit of work and we replace the 
variables phreatic and shape with 3 and 2, respectively, the depth of 
water on day i(Di) entered into the model was: 





⋅Di− 1 = Di− 1 −
temp2
9⋅Di− 1 
The volume of water in the pond each day was calculated using pond 
depth (2) and area. Combining the volume of water with the number of 
tadpoles, tadpole density was estimated (and categorized as 0, 1, 2, 4, 8, 
16, >16 tadpoles/liter). 
In the next step of the model, the processes relating to tadpole 
nutrition and predation were executed in parallel. The model allows a 
Table 1 
Definition of the parameters used in the tadpole PDP model.  
qi,j,1 ≤ i ≤ 6,1 ≤ j ≤ 10. Number of tadpoles in growth class i, and Gosner 
stage j (%).  
Nqwi =
∑j=10
j=0 qi,j ,1 ≤ i ≤ 6.  Number of tadpoles in growth class i.
Nq =
∑Nqwi,1 ≤ i ≤ 6. Total number of tadpoles. 
qdi,1 ≤ i ≤ 10. Number of type i predators.  
qai,1 ≤ i ≤ 10. Amount of food (g) of type i available for tadpoles.  
qat =
∑qai,1 ≤ i ≤ 10. Total amount of food (g) available for tadpoles. 
weighti,1 ≤ i ≤ 6.  Maximum amphibian weight growth of tadpoles 
in growth class i.  
weighti− 1 ,1 ≤ i ≤ 6.  Minimal amphibian weight growth of tadpoles in 
growth class i.  
fwi = weighti − weighti− 1,1 ≤
i ≤ 6.
Greatest amphibian growth interval in growth 
class i.
fdi, 1 ≤ i ≤ 10.  Number of tadpoles consumed daily by an 
individual predator of type i.
fai,j,1 ≤ i ≤ 10,1 ≤ j ≤ 6. Amount of food (g) of type i required by an 
amphibian in growth class j.
letal. Minimum water depth necessary for tadpoles to 
survive (cm). 
BH. Pond water depth. 
pri,1 ≤ i ≤ 12. Probability of rain during one day in month i.
rainfalli,j ,1 ≤ i ≤ 12,1 ≤ j ≤ 30. Random precipitation values for month i. (For 
each month 30 random values were simulated).  
Ti,1 ≤ i ≤ 8. Temperature discretizing: Ti is the upper right 
extreme of the interval i.  
Ti− 1 ,1 ≤ t ≤ 8. Temperature discretizing: Ti is the lower right 
extreme of the interval i.  
pti,t ,1 ≤ i ≤ 12,1 ≤ t ≤ 8. Probability of finding a temperature value in the 
interval t during month i.
at,d,1 ≤ t ≤ 8,d = {0,1,2,4,8,
16,> 16}
Daily length growth increase depending on 
temperature, t, and amphibian density, d.
Ddt,d,1 ≤ t ≤ 8,d = {0,1,2,4,8,
16,> 16}
Number of days that a tadpole can survive 
without eating at temperature t, and density d.
adt,d ,1 ≤ t ≤ 8,d = {0,1,2,4,8,
16,> 16}
Daily growth loss of a starving tadpole at 
temperature t and density d.  
Inqai,t ,1 ≤ i ≤ 10,1 ≤ t ≤ 8. Daily increase of food type i (percentage), 
according to temperature t.
DVd,i,t , d = {0,1,2,4,8,16,>
16},1 ≤ i ≤ 6, 1 ≤ t ≤ 8.
Gosner daily development according to tadpole 
density, d, tadpole length/weight growth, i, and 
temperature, t.
Fig. 4. Membrane structure and initial configuration of the tadpole PDP model. 
Types of objects that exist at the initial moment. 
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maximum of 10 different types of amphibian food (cannibalism 
included) and 10 types of predator. The amount of food consumed by a 
single tadpole each day in the model depends on the type of food and the 
tadpole growth stage. The number of tadpoles predated each day de-
pends on the type of predator and the tadpole growth stage. 
To conclude, the loop (Fig. 3) ran four processes in parallel:  
• Assessment of tadpole growth. If a tadpole has eaten, it will grow. It 
was assumed that the amount of growth depends on the temperature 
and tadpole density, and not on the stage of growth of a tadpole. The 
model allows measurement of growth by weight or length. The user 
can choose the best metric based on the data available in each case. If 
there is not enough food, the tadpole may die. The number of days a 
tadpole can live without eating depends on tadpole density and 
temperature.  
• Changes in Gosner stage. The number of days needed to change stage 
will depend on tadpole density, individual condition, and current 
Gosner stage. 
Fig. 5. Continuous lines are values obtained using the tadpole PDP model and dots are experimental observations (Sanuy et al., 2008). T10, T15, T20 and T25, are 
the results obtained with temperatures of 10, 15, 20 and 25 ◦C, respectively. 
Table 2 
Characteristics of the water ponds studied in the Mas de Melons area (D. Sanuy, unpubl. data).   
Astor Pedrera Plà Circuit Nova Artesa Cadolles 
Number of toad spawn strands 120 20 15 55 55 40 25 
Area (m2) 388 121 50 840 550 340 5 
Depth (m) 0.7 0.4 0.5 0.5 0.7 0.7 0.2 
Volume (l) 271,600 48,400 25,000 420,000 385,000 238,000 1500 
Toad egg density (eggs/l) 1.55 1.45 2.10 0.46 0.50 0.59 58.33  
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• Assessment of food availability. The available tadpole food changes 
as more food grows. The increase of food will depend on the current 
available food and the temperature.  
• Calculation of the water height of the pond using the expression (2). 
The parameters required for the model are shown Table 1. The values 
of the parameters are entered into the console of the simulator that has 
been designed to run the model. 
The tadpole PDP model components are:  
1 A single environment corresponding to the pond being modelled.  
2 A membrane structure (Fig. 4). 
μ = [[[ ]11]1[ ]2[ ]3]0    
3 The objects in the space delimited by the skin membrane and the one 
delimited by the membrane labeled “1” (Fig. 4) at the initial moment 
of the simulation. 
The objects inside the membrane labelled 0 are: 
μ0 =
{




k 1 ≤ j, k ≤ 10;V, h10⋅H1 ,T1,R1, c0
}





i,0 , 1 ≤ i ≤ 6;G
qi,j
i,(j− 1)⋅10+5, 1 ≤ i ≤ 6, 1 ≤ j ≤ 10;D0
}
The remainder of the cell areas are empty; there are no other objects at 
the initial moment. 
The object XNqwii indicates a number, Nqwi, of tadpoles of weight/ 
length belonging to class i. DPqdjj is the object associated with predators of 
type j, the superscript qdi indicating the number of objects DPj. 
T and R, are objects that allow simulation of the temperature and 
precipitation, respectively. A counter (object c) is normally used to 
synchronize the model. The object Do was used to estimate tadpole 
density. W′ and WF are objects associated with tadpole growth by 
weight/length. These objects are used to save the information so that it 
can be retrieved in later steps. Object Hi saves the information in the 
subindex i, for a given water depth (mm) of the pond. The Vobject allows 
the generation of objects associated with the pond volume.  
1 Evolution rules. 
The evolution rules are described in the supplementary information. 
The objects in the spaces of the cell at each step, and the changes of 
polarity of the membranes, can be followed in Figure S1. The model 
consists of 140 types of supplementary rules, making 185,103 rules 
when displayed, and the alphabet size is 9409 (number of agents). The 
model executes 22-step rule sets, each 22 step loop being equivalent to 
the simulation of one day. For each simulated day, the model executes 
the loop shown in Fig. 3, the initial values for the loop for day i being the 
result of day (i − 1) (i.e., the day before). 
The final model contains several sub-models, interacting with each 
other so that the condition of each has an effect on the others. The 
number of parameters required by the model is important, because in 
some cases not all of the information was available. In such cases, the 
model can still be executed without problems and the results remain 
good and will improve as the accuracy and amount of input information 
increases. 
2.4. Application and model validation 
The first task was to validate the model. Once validated it was 
applied to the Mas de Melons region to estimate the evolution of the 
tadpoles in different climate change scenarios. 
A complete validation of the model was not possible because there 
was no data from a real case for which all of the information was 
available, so a partial validation was performed. 
Sanuy et al. (2008) conducted laboratory experiments using Nat-
terjack toads to examine the effect of temperature on larval development 
at experimental temperatures of 5 ◦C, 10 ◦C, 15 ◦C, 20 ◦C, and 25 ◦C. 
Daily tadpole length and Gosner stage were recorded. Each tadpole was 
housed inside its own individual pot, with unlimited food and a constant 
volume of water (changed regularly). To run the model, it was necessary 
to know the daily growth (length) as a function of temperature, and the 
daily development as a function of temperature and the length of the 
tadpole. In Table 3, the daily growth (length) and increase in Gosner 
Table 3 
Increase in Natterjack toad tadpole length and Gosner stage as a function of temperature.  
Temperature ( ◦C) <12.5 12.5–17.5 17.5–22.5 22.5–27.5 
Daily increase in length (mm) 0.2 0.31 0.34 0.55 
Daily increase in Gosner stage Length (mm) 0–5 0.4061 0.5419 0.6659 1 
5–10 0.4061 0.5419 0.6659 1 
10–15 0.0730 0.4069 0.5759 1 
15–20 0.0730 0.1369 0.4184 0.4737 
20–25 0.0730 0.1369 0.1484 0.4737 
>25 0.0730 0.1369 0.1484 0.4737  
Table 4 
Relative error of the PDP model outcomes with respect to the experimental data obtained by (Sanuy et al., 2008).  
Day 
|
Experimental value − Model value
Experimental value
|
Gosner Stage Length (mm) 
T-10 T-15 T-20 T-25 T-10 T-15 T-20 T-25 
5     0.051 0.208 0.069 0.248 
10 0.003 0.032 0.116 0.116  0.037 0.171  
15 0.055 0.081 0.099 0.146 0.163 0.276 0.209  
20 0.026 0.082 0.125 0.101  0.175 0.212 0.141 
30 0.081 0.024 0.008 0.058 0.046 0.218 0.116 0.233 
40 0.083 0.089 0.057 0.075  0.090 0.087 0.119 
60  0.138 0.113 0.010  0.056 0.041  
80  0.111 0.108   0.120 0.267  
100  0.042 0.041   0.181   
Average 0.049 0.075 0.083 0.084 0.087 0.151 0.146 0.185  
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stage are shown. These data were obtained from observations carried 
out by members of our group, in field studies separate from those of 
Sanuy et al. (2008) used to validate the model. The number of days that 
the tadpoles can survive without eating, or the loss of weight suffered if 
they do not eat, were not taken into account (this information could be 
entered into the model if there food limitations occur). In the (Sanuy 
et al., 2008) experiment, sufficient food was provided daily. 
During the (Sanuy et al., 2008) experiment, two variables were 
measured: development starting at Gosner stage 15 and tadpole length 
on hatching. The study quantified the effect of temperature on embry-
onic development and tadpole size variation. The experiment was 
stopped when Gosner stage 45 was reached, or when the tadpoles had 
not increased in length for 20 days and the Gosner stage had not 
changed. 
Our tadpole PDP model was used to simulate the dynamics of 80 
tadpoles with an initial length of 2.5 mm and Gosner stages between 10 
and 15. Thirty repetitions of a 100 day period were simulated. The re-
sults of our model, daily length and Gosner stage, compared with the 
results obtained in the (Sanuy et al., 2008) laboratory experiment are 
Table 5 
Results obtained using the Tadpole PDP model. 0 ◦C indicates the temperature 
scenario corresponding to historical records for the area. +1 ◦C and +1.5 ◦C are 
scenarios in which 1 and 1.5 ◦C are added to the temperature records, respec-
tively. In the three scenarios, the precipitation value corresponds to records for 
the area. ∆P is the scenario in which precipitation increases by 50% and the 
temperature is that of the records for the area. (*) The Plà pond is artificially 
managed to maintain the water level to guarantee water availability for birds 
and livestock.  
Pond Initial depth Average depth of water in the pond at 120 days (cm) 
0 ◦C +1 ◦C +1.5 ◦C ∆P 
Artesa 70 51.8 46.5 45.0 56.7 
Astor 70 56.3 47.8 47.9 56.1 
Cadolles 20 0 0 0 0 
Circuit 50 11.1 0 0 15.5 
Nova 70 57.3 50.2 49.1 57.7 
Pedrera 40 0.3 0 0 0.6 
Plà 50 6.2 3.6 0.0 4.87 
Plà (*) 50 50 50 50 –  
Table 6 
Results obtained using the Tadpole PDP model. 0 ◦C is the temperature scenario corresponding to historical records for the area. +1 ◦C and +1.5 ◦C are hypothetical 
scenarios in which 1 and 1.5 ◦C are added to the temperature records, respectively. In the three scenarios, the precipitation value corresponds to records for the area. 
∆P is the scenario in which precipitation increases by 50% and the temperature is that of the records for the area. P-0.5 and P-0.9 are scenarios with 20 predators, in one 
case they consume 0.5 and in the other 0.9 daily tadpoles/predator. The temperature and precipitation values correspond to the historical records of the area. (*) The 
Plà pond is artificially managed to maintain the water level by humans to guarantee water availability for birds and livestock.  
Pond Average number of eggs that complete development (% with respect to laying) 
0 ◦C +1 ◦C +1.5 ◦C ∆P P-0.5 P-0.9 
Artesa 4446 (3.18%) 4522 (3.23%) 4532 (3.24%) 4671 (3.3%) 4038 (2.88%) 3968 (2.83%) 
Astor 5288 (1.21%) 5263 (1.24%) 5242 (1.24%) 5317 (1.25%) 4613 (1.10%) 4584 (1.09%) 
Cadolles 0.13 (≈ 0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
Circuit 7488 (3.89%) 7082 (3.68%) 6849 (3.56%) 7687 (3.99%) 6983 (3.63%) 6708 (3.48%) 
Nova 7250 (3.77%) 7319 (3.80%) 7339 (3.81%) 7409 (3.85%) 6566 (3.41%) 3996 (2.08%) 
Pedrera 722 (1.03%) 685 (0.98%) 675 (0.96%) 852 (1.22%) 732 (1.05%) 654 (0.93%) 
Plà 432 (0.82%) 436 (0.83%) 422 (0.80%) 466 (0.89%) 363 (0.69%) 331 (9.63%) 
Plà (*) 488 (0.93%) 496 (0.94%) 498 (0.95%) – 401 (0.76%) 358 (0.68%)  
Table 7 
The number of days needed to reach the quartiles of the number of eggs completing metamorphosis. 0 ◦C represents the temperature scenario corresponding to the 
historical records for the area. +1 ◦C and +1.5 ◦C are scenarios in which 1 and 1.5 ◦C are added to the temperature records, respectively. In the three scenarios, the 
precipitation value corresponds to records for the area. ∆P is the scenario in which precipitation increases by 50% and the temperature is that of the records for the 
area. P-0.5 and P-0.9 are scenarios with 20 predators, in one case they consume 0.5 and in the other 0.9 daily tadpoles/predator. The temperature and precipitation 
values correspond to the historical records of the area.  
Pond Days needed to reach the quartiles of the total number of eggs finally completing metamorphosis 
Q1 Q2 Q3 
0 ◦C +1 ◦C +1.5 ◦C ∆P P-0.5 P-0.9 0 ◦C +1 ◦C +1.5 ◦C ∆P P-0.5 P-0.9 0 ◦C +1 ◦C +1.5 ◦C ∆P P-0.5 P-0.9 
Artesa 43 41 40 42 41 41 49 46 45 47 46 46 62 58 56 59 52 52 
Astor 43 42 42 42 41 41 49 48 48 47 46 46 62 61 61 58 52 52 
Cadol 36 - - - - - 39 - - - - - 43 - - - - - 
Circuit 43 41 40 42 41 40 48 46 45 47 46 45 60 55 52 58 53 51 
Nova 43 41 40 42 41 41 49 47 46 47 46 45 61 58 57 58 52 52 
Pedrera 42 40 40 42 41 41 47 45 44 47 46 45 55 51 50 56 52 51 
Plà 43 41 40 42 41 40 49 47 45 47 45 44 62 58 54 59 50 48 
Plà (*) 44 41 40 – 41 40 50 47 46 - 45 44 63 61 58 - 51 48 
(*) water depth managed to keep a constant level. 
(Interpretation: for example, in the 0 ◦C scenario, on day 43 in Artesa, 25% of the total number of eggs finally reaching Gosner stage 45 have already achieved it; on day 
49, 50% of the total have already reached it; on day 62, 75% have already reached it, etc.). 
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Fig. 6. Daily variation in pond water depth. T is the scenario corresponding to the historical records of temperature, ∆T1 and ∆T1.5 are the scenarios in which the 
temperature increases by 1 and 1.5 ◦C, respectively (https://www.ipcc.ch/sr15/), and ∆P is when precipitation exceeds the precipitation records of the area by 50%. 
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Regarding the Gosner stage (Table 4), the mean percentage error of 
the model did not exceed 8.5%, while the errors in modelled length 
(Table 4) were slightly higher at 18.5%) (but less than the mean). 
2.5. Application of the model in the Mas de Melons region 
The Mas de Melons is a natural, protected semi-arid area located in 
Lleida, in the north of Spain. It contains six ponds or reproduction zones 
where Natterjack toads currently breed (Table 2). Previous researches 
on Natterjack toads in this area (Oromi et al. 2010; Sinsch et al. 2012) 
have estimated the amount of toad spawn in each pond (Table 2). The 
average number of eggs in each spawn strand is 3500 for this species and 
when the tadpole density exceeds 1 individual/liter, the tadpoles have 
difficulty developing and many may die. 
We carried out virtual experiments to assess tadpole growth and 
development in different scenarios using the PDP model developed 
above using data from the Sanuy et al. (2008) and Oromi et al. (2010) 
studies combined with climatic records from the observatory closest to 
Mas Melons. We studied the effect of hypothetical climate change sce-
narios whereby temperature increased by 1 ◦C and 1.5 ◦C and average 
rainfall increased by 50% (these scenarios do not represent any of the 
IPCC climate change scenarios). 
Finally, we evaluated the effect of the presence of predators on 
tadpole growth and survival. We found that Common Backswimmer 
Notonecta glauca, Common Darter Sympetrum striolatum, Emperor 
Dragonfly Anax imperator and the Red Swamp Crayfish Procambarus 
clarkii all occur in our study area, each species consuming from 0.1 to 0.9 
tadpoles per day per individual predator (Pujol-Buxó et al., 2017). 
3. Results 
The results of the model validation, daily tadpole length and Gosner 
stage, and the results obtained in the (Sanuy et al., 2008) laboratory 
experiment are shown in Fig. 5. Quantified percentage errors were 












Regarding the Gosner stage (Table 4), the mean percentage error did 
not exceed 8.5%, while the errors in length (Table 4) were slightly 
higher, 18.5% (but less than the mean). 
Applying the model to Mas de Melons showed that during our study, 
precipitation did not make up for evapotranspiration losses, and the 
pond water depths fell at first to 50 cm before the ponds dried out after 
120 days (Table 5). If a pond dries out before tadpoles reach meta-
morphosis, the tadpoles will die. As the ponds dried, some of the tad-
poles died either due to the increase in tadpole density as the amount of 
water decreased or because of the decreasing levels of oxygen and food 
available. 
Less than 4% of the toad spawn laid reached Gosner stage 45, under 
all of the combinations of climatic conditions modelled (Table 6). The 
Plà pond is kept topped up as a management strategy to guarantee water 
availability for birds and livestock and was simulated with and without 
the addition of water; that is, either allowing the water level to fall or 
maintaining it at constant depth. A slight increase in tadpole survival to 
Gosner stage 45 was obtained when water was added artificially 
(Table 6). When modeling the rainfall at 50% higher than the actual 
average records, the water depth at the end of the simulation was similar 
to that at the beginning and the number of tadpoles that completed 
metamorphosis was similar to that under average rainfall conditions. 
Simulating the inclusion of 20 individuals each of two different types 
of predator, one type consuming 0.5 and the other 0.9 tadpoles per day, 
decreased the number of tadpoles reaching the end of development in all 
of the various combinations of climatic variables (Table 6). In none of 
the scenarios modelled did the presence of predators entirely eliminate 
the tadpoles. 
After approximately 40 days, some of the eggs completed meta-
morphosis and reached Gosner stage 45 (Table 7), leaving the pond to 
allow the remaining tadpoles to complete the cycle. After 60 days, 75% 
of the tadpoles had completed metamorphosis. 
All of the ponds, except Cadolles, still had water in them after 60 
days (Fig. 6), and a considerable percentage of the tadpoles in them 
completed metamorphosis, given the volume of each pond concerned. 
The average final length of the metamorphosed tadpoles was 
approximately 14 mm (Fig. 7). Growth in length is important during the 
first 60 days, maximum length being reached after approximately 70 
days by which time most tadpoles had reached Gosner stage 45 
(Table 7). 
Individuals which were initially larger (12 mm) reached Gosner 
stage 45 more quickly (by day 25 or 30) (Fig. 8). After approximately 40 
days, when a considerable number of individuals had reached Gosner 
stage 45, the average size of the animals reaching metamorphosis 
Fig. 7. Daily average variation in tadpole length. T is the scenario corresponding to the historical temperature records, ∆T1and ∆T1.5 are the scenarios in which the 
temperature increases by 1 and 1.5 ◦C, respectively (https://www.ipcc.ch/sr15/), and ∆P is when precipitation exceeds the precipitation records of the area by 50%. 
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decreased to 10 mm, although the average size increased to 14 mm again 
after 120 days. 
4. Discussion 
Anurans are among the most threatened taxonomic groups, with a 
high percentage of endangered species and populations (Pyron 2018; 
Sodhi et al. 2008). In addition to the effects of habitat loss, new threats 
such as invasive species and global warming are increasingly affecting 
their populations. A model which brings together all of the available 
empirical data from disparate studies to predict a species’ growth and 
development can therefore help us to better understand the different 
effects of a variety of pressures on its survival and life history. 
The Natterjack toad is well adapted to breeding in ponds with a short 
hydroperiod. Its larvae (tadpoles) usually exhibit rapid growth and 
development, but both can be modulated to adapt to a wide range of 
environmental conditions and pressures (Pujol-Buxó et al., 2020). To 
better understand these interactions, a model was designed to estimate 
their daily growth and development. The model was applied to the Mas 
de Melons protected area, predicated on environmental characteristics 
(i.e., pond characteristics, presence of predators) and weather condi-
tions. All of the model inputs interacted with each other to shape the 
final outcome. Once validated, the model outcomes produced accept-
able errors, considering the amount and quality of the data available. 
These predictions should considered conservative, since some possible 
factors (such as pressure from interspecific competitors sharing ponds 
Fig. 8. Daily average length variation of tadpoles reaching Gosner stage 45. T is the scenario corresponding to the historical records of temperature, ∆T1and ∆T1.5 
are the scenarios in which the temperature increases by 1 and 1.5 ◦C, respectively (https://www.ipcc.ch/sr15/), and ∆P is when precipitation exceeds the pre-
cipitation records of the area by 50%. 
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with the tadpoles) were not considered in this version of the model. 
Temperature is an important environmental factor to which anurans 
are ontogenically and geographically adapted through, for example, 
phenotypic plasticity to survive a wide range of temperatures. Oromí 
et al. (2015) and Muir et al. (2014) postulated that if the potential 
habitat of a species becomes warmer due to climate change, that species 
would either succumb or be displaced by more heat tolerant species 
depending on its capacity to adapt. In the case of the Natterjack toad 
however, low environmental temperatures (e.g., <18 ◦C) are of most 
concern, because they prolong the tadpoles’ development period, and 
consequently increase predation risk. In addition, individuals appear 
unable to complete metamorphosis when water temperatures fall below 
15 ◦C. This might suggest that global warming will benefit this species, 
but climate change can be a double-edged blade. On the one hand, 
tadpoles will grow faster and complete metamorphosis sooner at higher 
ambient temperatures and even suffer reduced larval mortality. On the 
other hand, however, ponds might dry out more quickly under higher 
mean temperatures, increasing competition for food and oxygen as 
ponds get smaller. At the extreme, mass mortalities due to desiccation 
may become more frequent. Our model supports the assertion that, at 
least in our study area, no significant differences in the number of in-
dividuals completing the larval stages would occur at any foreseeable 
increase in temperature. The model suggests that equilibrium would be 
struck between the beneficial and deleterious effects of temperature 
increase. It must be noted however that, since our simulation data re-
lates to a set of concrete ponds in a protected area, these findings might 
not apply to other parts of the Natterjack toad’s range with different 
climatic conditions, habitats, and so on. 
Most of the organisms that undergo metamorphosis are especially 
vulnerable to predation during the larval stage (Wassersug and Sperry 
1977; Arnold and Wassersug 1978). The Natterjack toad is one such 
species (Pujol-Buxó et al., 2017) and therefore usually breeds in ponds 
with few predators, preferring to face the risk of desiccation (Pujol-Buxó 
et al., 2019a). Our results clearly highlight the importance of predation 
pressure on the tadpole guilds of this species, which surpasses the po-
tential effects of variations in temperature and precipitation. It can 
therefore be argued, based on our study, that of all the risks that global 
change poses to anurans, the possible introduction of invasive predators 
might be greatest for species that usually breed in temporary ponds and 
are already very sensitive to native predators. A case in point is the 
introduction of the Red Swamp Crayfish Procambarus clarkii to tempo-
rary ponds in the Doñana National Park, which has had a noticeably 
deleterious effect on the local amphibian populations (Cruz et al., 2006). 
Computational models allow several sources of data to be combined 
to compare the effects of several factors previously studied separately, 
allowing researchers to model the combined effects of factors in the 
study of complex problems. In this case, our conclusions from the simple 
comparison between the future effects of two emerging extinction fac-
tors – climate change and invasive species – might not strictly require 
the addition of more information, but the model would be more realistic 
and complex if more field data on the effects of competition, tadpole 
density, predator communities, and weather conditions were added. 
Enriching the data included in the model should lead to more detailed 
predictions, improve on the simple analysis made here, and hopefully 
lead to better management decision-making in protected areas. 
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Costanza, R., Wainger, L., Folke, C., Mäler, K.G., 1993. Modeling complex ecological 
economic systems: toward an evolutionary, dynamic understanding of people and 
nature. Ecosystem Management. Springer, New York.  
Cruz, M.J., Pascoal, S., Tejedo, M., Rebelo, R., 2006. Predation by an exotic crayfish, 
Procambarus clarkii, on natterjack toad, Bufo calamita, embryos: its role on the 
exclusion of this amphibian from its breeding ponds. Copeia 274–280. 
Day, T., Rowe, L., 2002. Developmental thresholds and the evolution of reaction norms 
for age and size at life-history transitions. Am. Nat. 159, 338–350. 
Davison, A.C., Padoan, S.A., Ribatet, M., 2012. Statistical modeling of spatial extremes. 
Stat. Sci. 27, 161–186. 
Denver, R.J., Mirhadi, N., Phillips, M., 1998. Adaptive plasticity in amphibian 
metamorphosis: response of Scaphiopus hammondii tadpoles to habitat desiccation. 
Ecology 79, 1859–1872. 
Eckoff, P.A., Wenger, E.A., Godfray, C.H., Burt, A., 2017. Impact of mosquito gene drive 
on malaria elimination in a computational model with explicit spatial and temporal 
dynamics. Proc. Nat. Acad. Sci. 114, E255–E264. 
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Gómez-Mestre, I., Tejedo, M., 2002. Geographic variation in asymmetric competition: a 
case study with two larval anuran species. Ecology 83, 2102–2111. 
Gosner, K.L., 1960. A simplified table for staging anuran embryos and larvae with notes 
on identification. Herpetologica 16, 183–190. 
Holmes, E.E., Lewis, M.A., Banks, J., Veit, R., 1994. Partial differential equations in 
ecology: spatial interactions and population dynamics. Ecology 75, 17–29. 
Laudet, V., 2011. The origins and evolution of vertebrate metamorphosis. Current Biol 
21, R726–R737. 
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